Abstract: Optical frequency transfer via a 920 km fiber link has been investigated. Active noise compensation enables the transfer of a stable optical frequency with a stability of 3.8 x
Introduction
Since optical clocks have surpassed the performance of the best microwave clocks by one order of magnitude they are considered for a possible redefinition of the second [1] . One prerequisite for a future redefinition, however, is the ability to compare and distribute optical frequencies at the level of stability and accuracy of the optical frequency standard. Well established satellite-based techniques for frequency comparisons [2] do not reach the required stability and accuracy to compare optical clocks. Since optical clocks are not yet portable, an alternative method to compare and disseminate optical frequencies has to be found. Optical fiber links have been investigated extensively and considered to serve this purpose.
Multiple methods for frequency dissemination via optical fibers exist as to mention the microwave transfer by means of an amplitude modulated laser [3] , the direct transmission of a frequency comb [4] , and the transfer of an optical carrier wave of a stable continuous wave (cw) laser [5] . The latter one has the advantage of being less sensitive to polarization mode dispersion and no dispersion management is required. Using optical frequency combs [6] a comparison of distant frequency standards can be performed directly in the optical domain.
Experimental Setup and Results
We established a fiber connection between the two institutes Max-Planck-Institute of Quantum Optics (MPQ) in Garching and the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig both located in Germany. The fiber link has a total length of 920 km bridging a geographical distance of about 600 km. We use a commercial fiber laser emitting at 1542.5 nm that is stabilized to a high finesse cavity made from ultra-low expansion (ULE) material to transfer an optical frequency between the institutes through a pair of dark fibers. To overcome the attenuation of the light in the fibers we installed nine pairs of Erbium-doped fiber amplifiers (EDFA) along the entire link and two fiber Brillouin amplifiers (FBA) [7] at both ends of the link. An interferometric stabilization scheme similar to the one described in [8] is used to detect and compensate for Doppler shifts occurring in the fiber.
To characterize the link performance we generate a heterodyne beat note f F1 (t) at MPQ between a local laser and a laser transfered through fiber F1. In an equivalent way a second beat note f F2 (t) is generated at PTB between the local laser and the transfered one using fiber F2. In the difference of those two beat notes f F1 (t) and f F2 (t) the laser noise chancels and only the noise of the link to be characterized remains. To record f F1 (t) and f F2 (t) we use dead time free high-resolution frequency counters [9] . We use two different kinds of frequency counters namely the so called Λ and Π-type counters [10] . Fig. 1 shows the stability expressed as the Allan deviation (ADEV) of a data sequence with a length of about 35000 s measured with a Π-type counter. It can be seen that even todays most stable optical clocks [11] can be compared over the distance of 920 km within a few minutes of integration time using a fiber link. The ADEV is a measurement tool for stability [10] and would not detect systematic offsets in a set of data. To check that the measurements are not affected by any systematics we calculated the deviation from the expected value and the statistical uncertainty of a data set measured over a period of four days with a Λ-type counter to (0.7 ± 3.6) x 10 −19 . We can therefore constrain that any possible frequency deviation between the local and the far end of the fiber link is smaller than 3.6 x 10 −19 .
Conclusion
We demonstrated frequency transfer along a 920 km optical fiber link with an instability of 3.8 x 10 −14 at 1 s reaching 4 x 10 −18 at 10 4 s of integration time. The residual uncertainty of 3.6 x 10 −19 exceeds the requirements for a comparison of todays most accurate clocks by more than one order of magnitude. As part of a commercially used telecommunication network the fibers pass several metropolitan areas and computing centers. Despite these environmental conditions active noise cancellation and in-line amplification can yet provide phase traceable operation over many hours. Our fiber link allows us to perform high-precision spectroscopy experiments at MPQ using frequency standards located at PTB. Furthermore, we demonstrate a solution to the issue of the remote comparison of state-of-the-art optical clocks opening a variety of applications from tests of the constancy of fundamental constants to quantum electrodynamics.
